Abstract miRNAs play essential roles in the mechanics of gene regulation, however, on an organismal-scale, the processes in which they are deployed are not well understood. Here, we adopt an evolutionary developmental approach to study miRNA function by examining their expression throughout embryogenesis in both Caenorhabditis elegans and Drosophila melanogaster. We find that, in both species, miRNA transcriptomic shifts in a punctuated fashion during the mid-developmental transition, specifying two dominant modes of early and late expression profiles. Strikingly, late-expressed miRNAs are enriched for phylogenetic conservation and function by fine-tuning the expression of their targets, implicating a role in the canalization of cell types during differentiation. In contrast, early expressed miRNAs are inversely expressed with their targets suggesting strong target-inhibition. Taken together, our work exposes a bimodal role for miRNA function during animal development, involving late-expressed physiological roles and early expressed repressive roles.
Introduction
Consistent with an ancestral role for RNA in the origin of the cell, the modern RNA world encompasses myriad RNAs working in concert to regulate gene expression in most biological processes (Mattick 2003; Chen and Rajewsky 2007; Shomron et al. 2009; Dahan et al. 2011) . miRNAs are a class of small RNAs that exert posttranscriptional regulation by controlling the abundance of target molecules by either repression or mRNA degradation (Nakahara and Carthew 2004; Fabian et al. 2010; Catalanotto et al. 2016) . miRNAs tend to number $1-5% of the number of protein-coding genes in animals, and typically target hundreds of mRNAs each by sequence pairing of 3 0 -UTRs (Bartel 2009 ). Evidence for their functional importance comes from the observation of lethal phenotypes following their perturbation (Bushati and Cohen 2007; Friedman et al. 2009; Alvarez-Saavedra and Horvitz 2010) . However, while the molecular mechanisms of miRNA processing and targeting have been characterized, as well as miRNA regulatory functions throughout the life of the organism-such as maternal deposits Schier and Giraldez 2006) , signaling (Inui et al. 2010 ), specification (Johnston and Hobert 2003; Cochella and Hobert 2012) , commitment (Ivey et al. 2008) , and differentiation (Melton et al. 2010; Pauli et al. 2011)- it remains an open question how miRNA expression and target interaction are coordinated through embryonic development.
miRNAs have been proposed to have two general modes of regulating their targets (Hornstein and Shomron 2006; Peterson et al. 2009; Wu et al. 2009 ): 1) setting the mean expression level of their targets, and 2) fine-tuning the target expression levels to decrease stochastic noise. The interaction between the miRNA let-7 and its target the mRNA lin-41 provides an example of the first mode, where let-7 strongly reduces lin-41 expression levels to ensure proper larval development in Caenorhabditis elegans (Lee et al. 1993; Reinhart et al. 2000; Rougvie 2001 ). As such, their developmental gene expression profiles appear anticorrelated, since the former represses the latter. The highly conserved mir-1 is an example of the second mode. mir-1 is expressed in muscle and its perturbation results in lethality (Brennecke et al. 2005; Sokol and Ambros 2005) . While muscle tissue appears to develop normally in this perturbation, evidence for its weakness is revealed in some conditions, suggesting that mir-1 buffers the expression of its targets and stabilizes embryonic development by reducing stochastic noise (Brennecke et al. 2005; Hornstein and Shomron 2006) . To understand these two distinct modes of gene regulation by miRNAs, one possible approach is to study these processes in developmental systems.
Evolution and development are intertwined processes: development constrains which evolutionary changes may appear, while evolution constrains which developmental processes are possible (Gould 1977) . By studying mRNA expression over time, the dynamic nature of gene expression has been described (Arbeitman et al. 2002; Baugh et al. 2003; Yanai et al. 2011) . In particular, one stage during embryogenesis of the nematode C. elegans was identified as punctuating development in terms of gene expression changes (Levin et al. 2012) . This stage corresponds to ventral enclosure, a period known to involve integration among the germ layers. Moreover, evidence was revealed that developmental constraints act to maintain the conservation of this stage (Zalts and Yanai 2017) . Broadening out to ten species, each from a different phylum, a recent gene expression analysis identified a mid-developmental transition (Levin et al. 2016) in each species, including the ventral enclosure stage in C. elegans. The period of expression before and after the mid-developmental transition interestingly distinguished programs for proliferation and differentiation. In addition, a recent analysis comparing miRNA expression across two Drosophila species, identified an hourglass-shaped pattern of conservation, in which the middevelopment transition is conserved (Ninova et al. 2014) .
In this work, we invoked an evolutionary developmental approach to study miRNA expression throughout embryonic development of C. elegans and D. melanogaster. This approach provides a conceptual framework for studying miRNAs and also carries two direct benefits for our approach. We expect any program important for development to be conserved across animals and thus manifested in both species. This allows for the comparison of C. elegans with D. melanogaster to reveal conserved principles of miRNA regulation. Second, a comparison of miRNAs across species allows us to study them as a function of their evolutionary ages. In contrast to mRNAs, miRNAs are thought to be fast evolving and few of them are deeply conserved along animal phylogeny (Niwa and Slack 2007; França et al. 2016) . Therefore, by assessing their evolutionary conservation, we can infer the age of a miRNA and distinguish between miRNAs that are conserved and those that are specific to the proximal phylogenetic branch of each species (França et al. 2016) .
We report here two main programs of miRNA function throughout development. These correspond to two opposing periods of expression throughout embryogenesis, namely early and late, relative to the mid-developmental transition (Levin et al. 2016) . Interestingly, conserved miRNAs are expressed late in development and appear to fine-tune the expression of their targets. In contrast, early expressed miRNAs are young, that is, restricted in their presences to their respective genus, and regulate late expressing targets, suggesting that they act as repressors. Collectively, our results reveal a bimodal deployment of miRNA regulation throughout animal development.
Results
To study miRNA and their targets in both C. elegans and D. melanogaster, we isolated embryos at distinct developmental stages during embryogenesis ( fig. 1A) . The developmental stages for analysis were selected with the mid-developmental transition occupying the midpoint among our samples (Levin et al. 2016) . From each sample, we extracted RNA and processed a fraction of it using CEL-Seq for mRNA RNA-Seq and the rest using a protocol designed for small RNA (fig. 1A , see Materials and Methods section). We detected expression of 50% and 48%, of the 244 and 260 annotated miRNA precursors in the worm and fly, respectively, with an average of 373, 570, and 38, 262 detected transcripts per sample of worm and fly (supplementary fig.  S1A and B, Supplementary Material online). Of these, 75% and 71%, respectively, had a greater than 10-fold change in expression throughout the examined stages of development, indicating that they are dynamically expressed. We assayed the quality of the miRNA transcriptomes by examining correlation coefficients among replicates and recapitulation of known profiles for previously studied genes. The correlation coefficients among replicates was high for both species (R > 0.85, C. elegans and R ¼ 0.88, D. melanogaster, supplementary fig. S1C , Supplementary Material online). We also compared our expression profiles for 3 and 46 C. elegans genes with those of Wu et al. (2010) and Stoeckius et al. (2009) , respectively, and detected good correspondence (supplementary table S1, Supplementary Material online). For 19 D. melanogaster miRNAs analyzed by Ninova et al. (2014) , we detected consistent expression for all but 4 miRNAs (supplementary table S1, Supplementary Material online). Three of these genes showed similar expression suggesting that the difference in expression stemmed from higher temporal resolution of our data. While miR-2a-1 was detected as early expressed in our data, Ninova et al. reported miR-2a-1 as expressed during morphogenesis, and the difference may be attributed to this miRNA low and noisy expression.
To study the dynamics of miRNA and mRNA gene expression programs, we first sorted the profiles according to time of expression (Levin et al. 2016; Zalts and Yanai 2017) . We found that miRNA profiles are qualitatively similar to the patterns of mRNAs, in that temporally restricted patterns of expression were detected in both ( fig. 1B) . Overall, one-third of both the miRNAs and mRNAs are dynamic in both C. elegans and D. melanogaster ( fig. 1B) . We analyzed the global pattern of miRNA expression using principal components analysis on the miRNA profiles ( fig. 2A ). For both species, we found that PC1 captures the temporal order of the developmental stages ( fig. 2A ). Strikingly, PC2 distinguished the middle of development (Stage 4) from the earlier and later stages, also in both species. Interestingly, this stage maps to the mid-developmental transition (Levin et al. 2016) (fig. 2B ), which corresponds to the ventral enclosure stage and following the extended germ band stage in C. elegans and D. melanogaster, respectively (Levin et al. 2016) .
The transcriptional changes at the mid-developmental transition suggest that the dynamics are different at this stage. This was further evident when we studied the rate of miRNA expression changes by computing the distance between subsequent transcriptomes and normalizing by the number of elapsed minutes. Consistent with the PC analysis, we detected a different expression rate across time, with the transition from stage 3 to 4 amounting to the highest rate among all stages ( fig. 2C ). This suggests that at stage 4 many miRNAs are both up-and down-regulated and collectively amounts to the largest change of rates throughout embryogenesis.
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We next sought to examine the miRNA expression profiles that lead to the dynamic patterns we observed in figure 2. While many possible clusters of expression profiles are consistent with the patterns of correlations, we surprisingly detected only two major clusters accounting for most of the miRNAs ( fig. 3A) . We observed that the miRNA expression is clearly organized into two modules, corresponding to early and late expression, in both analyzed species ( fig. 3B ). Approximately 30% of the detected miRNAs shows an early profile, that generally includes expression in the first four stages. The late profile contains roughly 50% of miRNA in C. elegans and in D. melanogaster. Since many of the miRNAs are grouped into seed families and tend to cluster together in the genome, we examined the expression profiles of miRNAs that correspond to the same miRNA seed family (Kozomara and Griffiths-Jones 2014) and are clustered in the same genomic location (França et al. 2016 ) (supplementary fig. S3A and B, Supplementary Material online). We found that most miRNA seed families have similar expression profile (supplementary fig. S3A , Supplementary Material online), however miRNA from the same genomic cluster do not always present the similar expression profile, and thus should not be accounted as a cotranscribed group (supplementary fig.  S3B , Supplementary Material online). Thus, to a first approximation, miRNA expression in embryogenesis can be classified into pre-or post-mid-developmental transition expression.
Since miRNAs are not well conserved (Niwa and Slack 2007) , only six miRNAs had orthologous groups according to miRBase annotations between C. elegans and D. melanogaster for a direct comparison of their expression ( fig. 3C and supplementary fig. S3C , Supplementary Material online). mir-1, the muscle-specific miRNA, is expressed at the stage 4 transition in both species. In addition, mir-87 exhibits late embryogenesis expression in both species. The remaining C. elegans and D. melanogaster conserved miRNAs are expressed in the late module (supplementary fig. S3C , Supplementary Material online). Moreover, although most of the miRNAs are poorly conserved between these two species, we note that the pattern of early and late miRNA expression is a general property across these two animal phyla. As it was previously demonstrated that mRNAs are also expressed in a similar fashion during development (Levin et al. 2016) , our results suggest that the crosstalk between miRNAs and their targets is coupled to the bimodal gene expression patterns during animal embryogenesis.
Given that miRNAs are expressed in a bimodal manner during development, we hypothesized that the early and late modules would have distinct functional and evolutionary properties. To explore whether there is a difference in the phylogenetic conservation of early and late miRNAs, we computed for each miRNA the phylogenetic distribution across miRNA families (see Materials and Methods section and supplementary table S2, Supplementary Material online). We define miRNAs as conserved if their phylogenetic distribution extends beyond presence in the respective genus of the species. Studying the expression profiles of the conserved and nonconserved miRNAs, we found that conserved miRNAs are generally expressed late, whereas nonconserved miRNAs are expressed early during development (P <0.0062, Pearson's correlation) in both C. elegans and D. melanogaster ( fig. 4A) . 
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Thus, over evolutionary time-scales, late-expressed miRNAs appear to be more universal to animal development than early expressed miRNAs. To further study this result, we asked whether late miRNAs are enriched in increasingly conserved classes. We calculated the fraction of late and early miRNAs that were classified as "species specific," "genus-specific," or "phylum-specific" (see Materials and Methods section). We found that compared with the early expressed miRNAs, the late miRNAs are enriched in the "phylum" classification as compared with the early (P < 0.05 Hypergeometric cumulative distribution function) (supplementary fig. S4A , Supplementary Material online), which further supports the notion that late miRNAs have a deeper phylogenetic distribution than early miRNAs.
We hypothesized that the difference in the temporal mode of expression between nonconserved and conserved miRNAs reflects their functional attributes. As was previously proposed (Hornstein and Shomron 2006; Wu et al. 2009 ), miRNAs can act to repress or buffer the expression of their targets. In order to distinguish between these two functional modes, we tested the correlation among the expression profiles of miRNAs and their predicted targets (see Materials and Methods section). While overall no correlation was observed when all miRNAs and their targets were considered together ( fig. 4B, blue) , when we distinguished miRNAs according to their expression, the early miRNAs showed a negative correlation with their targets whereas the late did not show any particular bias (P < 0.005, Wilcoxon rank-sum test, measure of effect size, >0.7, Hedges' g; Hentschke and Stüttgen 2011) ( fig. 4B ). This pattern was not biased by the number of targets of each miRNA which shows no statistical difference between early and late miRNAs (supplementary fig. S4B , Supplementary Material online). We observed this same for both C. elegans and D. melanogaster, suggesting that early miRNAs mostly exert a strong repressive function on their targets compared with late miRNAs.
To test the hypothesis that early and late miRNAs employ different repression strategies on their targets, we examined the expression profiles of miRNA and their known targets. We found that the miR-35 family has an early expression profile and the egl-1 target gene has a late expression profile (Sherrard et al. 2017) , whereas the miR-51 family and lsy-6 miRNA both exhibit a late expression profile as do their targets, the cdh-3 and cog-1 genes, respectively (Johnston and Hobert 2003; Shaw et al. 2010) (supplementary fig. S4C , Supplementary Material online). Finally, we examined several miRNAs with characterized organ specific expression patterns: miR-124 in neurons (Clark et al. 2010 ), miR-236 in the intestine (Martinez et al. 2008 ) and miR-255 in the pharynx (Martinez et al. 2008) . For each of these, we detected a late expression profile, supporting the notion that these miRNAs fine-tune their target during late stages of development (supplementary fig. S4D , Supplementary Material online). To further explore the potential functional properties of early and late expressed miRNAs, we performed Gene Ontology (GO) enrichment analysis on miRNA target genes (see Materials and Methods section). The targets of early miRNAs were not found to be highly enriched in different GO terms, as compared with the targets of late miRNAs. However, the targets of late expressed miRNAs in both species were strongly enriched for functions such as transcription, cell division, and morphology ( fig. 4C and supplementary fig. S4E , Supplementary Material online). The morphology GO term in particular suggests that the late-expressed miRNAs fine-tune processes occurring during differentiation. Together with the conservation and target-profile analyses ( fig. 4A and B) , we 
Discussion
In this work, we studied the expression of miRNAs in C. elegans and D. melanogaster throughout embryogenesis, together with the expression of mRNAs. We report that miRNA expression is punctuated by the mid-developmental transition analogously to previously patterns observed for mRNA (Levin et al. 2016) . In both species, we detected two canonical miRNA expression profiles, an early and a late, relative to the mid-developmental transition. For each mode of expression, we report different evolutionary and functional properties in terms of their evolutionary age, mode of repression and regulatory function (fig. 4) . Our work has implications for miRNA function, evolutionary conservation, and also provides a general model for miRNA programs throughout development. Two regulatory modes-inhibitory and buffering-have been ascribed to miRNAs (Hornstein and Shomron 2006; Wu et al. 2009 ). We show evidence that these functions are Bimodal Evolutionary Developmental miRNA Program in Animal Embryogenesis . doi:10.1093/molbev/msx316 deployed differentially throughout development. By studying the expression profiles of the targets of the early and late miRNAs, we found that early miRNAs have profiles that are inversely correlated to those of their mRNA targets. In contrast, late-expressed miRNAs appear to fine-tune the expression of their targets as they generally have correlated expression profiles ( fig. 4B ). Another explanation is that the late miRNAs repress the translation of their targets (Baek et al. 2008; Wilczynska and Bushell 2015) which would also appear as correlated expression profiles in our data. A second alternative explanation is that among the targets of a miRNA, there may be a subset of targets that are repressed (Garcia et al. 2011) .
The bimodal miRNA expression profiles we detect may be attribute to distinct cellular pathways. For example, in C. elegans there are two Argonautes genes that were previously shown to have spatiotemporal differential expression and different miRNA association during embryogenesis (Vasquez-Rifo et al. 2012 ). Thus, one underlying mechanism for the early and late expression profiles may be that each is processed by its own dedicated Argonaute. Together, these observations are consistent with the notion that miRNA function to control mRNAs that are active during the end of development: early expressed miRNAs prevent their targets expression in the first half of embryogenesis while lateexpressed miRNAs fine-tune their expression.
Although most miRNAs are not thought to have a deep evolutionary history (Niwa and Slack 2007) , we found that the two programs show disparate levels of conservation: nonconserved miRNA are early expressed, while conserved miRNAs have a late expression profile. Further support for the conservation of the late-expressed miRNAs come from the functions of their targets which we found to be enriched for "core" functions such as transcription and cell division ( fig. 4C ). To account for the role of the early expressed miRNAs, we propose that they function to repress evolutionary novelties. Under this scenario, the early expressed miRNAs arose to repress newly evolved developmental programs, generally expressed at the end of development.
Interestingly our characterization of miRNAs into temporal modes with distinct conservation and functional properties holds for both C. elegans and D. melanogaster, suggesting that the identified programs may be general to animal development. Based upon our results, we propose a model by which miRNAs do not regulate early stages in development but rather are required later for physiological function to maintain the integrity of cell types. The specific function of miRNAs may be to "lock-in" a particular physiological state characteristic of a cell type to prevent disruption and transition to another cell type. One prediction that follows from this model is higher levels of late miRNAs with increasing celltype complexity across organisms. This prediction is consistent with our results that both early and late miRNA act to regulate late mRNA expression, and that there are more late miRNAs than early miRNAs ( fig. 3) . Collectively, our work suggests that the main developmental role of miRNAs is to canalize (Waddington 1957 ) the differentiating cell types occurring throughout embryogenesis.
Materials and Methods

Embryo Collection and Sample Preparation
Caenorhabditis elegans embryos were isolated from cut N2 adult worms using mouth pipette (Baugh et al. 2003 ) and staged at eight developmental time-points (60, 120, 180, 225, 270, 330, 410 , and 500 min after the 4 cell stage). About 50 embryos were collected at each time-point, in triplicates. From each sample, total RNA was extracted using TRIzol and eluted in 1.5 ll of RNase-free water of which 1 ll was used for Small-RNA library preparation. The remaining 0.5 ll were used for RNA-Seq using the CEL-Seq protocol , processed and analyzed as previously described (Hashimshony et al. 2014) . For D. melanogaster, we used the RNA from a previous study (Levin et al. 2016 ) with the following samples IDs (DM0011, DM0014, DM0023, DM0022, DM0039, DM0036, DM0052, DM0038, DM0062, DM0066, DM0078, DM0081, DM0083, DM0089) (Levin et al. 2016) . We selected seven developmental time-points (160, 300, 530, 645, 930, 1,160, 1,300 min), and considered the two closest samples as duplicates, adjusted the RNA from each sample to 1 ng/ll for the Small-RNA library preparation.
Small-RNA Library Preparation
Illumina TruSeq Small-RNA kit (15004197) was used with the following modifications: 3 0 and 5 0 ligations were performed at a quarter of a reaction volume, with 1 ml of RNA and RA3 diluted 1:5. Reverse transcription was performed at half of a reaction volume using the entire ligation product. PCR reaction was performed at half of a reaction volume with a total of 15 cycles of PCR. Libraries were sequenced on the Illumina HiSeq2500 according to the standard 50-bp protocol.
miRNA Analysis
The 50-bp reads were trimmed using Scythe to remove the 3 0 adapter sequence. For each sample, reads were mapped to the reference genome (WS230 for C. elegans and dm6 for D. melanogaster) using bowtie with default parameters. Using HTSeq-count, annotated miRNA (based on miRBase annotation; Kozomara and Griffiths-Jones 2014) were counted and normalized by dividing by the total number of counted reads and multiply by million (tpm).
Expression Analysis
We selected expressed miRNA by the highly expressed mature miRNA (5p or 3p), with at least two time-point with expression level of >10tpm. Mean expression of the replicates was calculates based on the normalized TPM expression. For the mRNA expression, we selected all genes with sum expression >10tpm. Using the ZAVIT method (Levin et al. 2012; Zalts and Yanai 2017) we standardize the gene expression of each gene and temporally arranged their expression.
Stages Comparison
Pearson correlation between the developmental stages was calculated based on the log values the mean expressed miRNAs. Principle component analysis (PCA) was performed Avital et al. . doi:10.1093/molbev/msx316 MBE on standardized mean expressed miRNAs. PC2 values were linearly interpolated taking into account the difference between the time-points. Rate of expression change was calculated based on the pairwise distance between each pair of subsequent stages and divided by the time between the two stages.
miRNA Conservation Each species in the miFam miRBase database got a score indicating the phylogenetic distance from the species (C. elegans or D. melanogaster). 1) Species specific (C. elegans or D. melanogaster). 2) Genus (Caenorhabditis or Drosophila). 3) Phylum (Nematode or Arthropoda) and higher (supplementary table S2, Supplementary Material online). The conservation score was assigned for each miRNA family, as the highest phylogenetic distant score. For each species, we divided the miRNA to "nonconserved" or "conserved" so that miRNA that have family members within the genus or are species specific are nonconserved, and the rest are conserved. The expression of the10 highly expressed miRNA from each group was normalized and averaged to one expression profile. For six miRNA families C. elegans and D. melanogaster had miRNA orthologous. For their comparison, we collapsed miRNA paralogs and calculated a mean expression profile.
miRNA Targets Prediction, Classification, and Correlation
To select the sets of target genes of early and late expressed miRNAs for C. elegans and D. melanogaster, we first used the TargetScan 6.0 algorithm to predict miRNA binding sites on the 3 0 -UTR sequences downloaded from www.targetscan.org and miRNA annotations were obtained from miRBase v.21. Only site types of 7mer-m8 and 8mer with individual context scores < À0.1 were included. To refine the target selection, for each gene, we calculated the proportion of binding sites corresponding to early and late miRNAs. Only those target genes with higher proportion of binding sites for either early or late miRNAs were considered. For each miRNA, we generated a mean expression profile based on the normalized expression of its targets. We calculated the Pearson correlation coefficient between each miRNA and the mean target profile.
Gene Ontology
For targets of late miRNA, we computed the enrichment for gene ontology (GO) terms (hypergeometric distribution) using annotations from Ensembl ([CSL STYLE ERROR: reference with no printed form.]). We examined only GO terms with more than 5 or 30 genes for C. elegans and D. melanogaster, respectively. For the top 20 GO terms that we found for the targets of late miRNA, we calculated the P value for the targets of early miRNAs.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
